The flow stress behavior and recrystallization kinetics in the hot rolling temperature range have been investigated in five Fe-Mn-Al (Mn: 25 wt%, Al: 0-8 wt%) TWIP steels by compression testing on a Gleeble simulator. Results were compared with corresponding properties of carbon and austenitic stainless steels. Microstructures were examined by electron microscopy. The results show that the flow stress level of the TWIP steels is considerably higher than that of low-carbon steels and depended on the Al concentration close to 6 wt%, while the structure is austenitic at hot rolling temperatures. At higher Al contents, the flow stress level becomes significantly lowered due to the presence of ferrite. The static recrystallization kinetics is slower compared to that of carbon steels, but it is faster than typical of Nb-microalloyed or austenitic stainless steels. High Mn content is a reason for the high flow stress as well as for slow softening. Al has a minor role only, but in the case of austenitic-ferritic structure, softening of the ferrite phase occurs very rapidly that also contributes to overall faster softening. The grain size is effectively refined by the dynamic and static recrystallization processes.
Introduction
Advanced high-strength steels with excellent ductility are the demands for drastic weight reduction and improved crash worthiness performance of automobiles. In recent years, for this purpose high-Mn austenitic steels have been developed. Various deformation mechanisms can influence their ductility, such as the transformation-induced plasticity (TRIP), the twinning-induced plasticity (TWIP) 1, 2) or the shear band induced plasticity (SIP) effect.
3) Steels with the twinning-induced plasticity effect have attracted recently increasing interest due to their excellent strength, ductility and energy absorption properties. Mechanical properties of these special steels around ambient temperatures have been tested and published extensively in the literature, but data on the hot deformation behavior of these steels is scarce and proprietary.
Rolling loads encountered are related to the flow stress and these, in turn, depend on softening behavior of the material between rolling passes. Also, grain refinement in the recrystallization event is beneficial. Recently the present authors have investigated the flow stress behavior of highMn steels with Al content between 0-8 wt% and preliminarily also the static recrystallization (SRX) of these steels. [4] [5] [6] It was found that SRX is slower in these steels compared to softening in low-carbon steels. However, neither there is any experimental data for the powers of strain, strain rate and grain size on the recrystallization rate, nor for the grain size evolution in the course of recrystallization process. In the present work, the flow stress and recrystallization behavior of several TWIP steels have been investigated by performing hot compression tests and compared with carbon and austenitic stainless steels. Furthermore, regression modeling has been adopted to describe the rate of recrystallization, in accordance to the modeling performed for various steels previously by Somani et al. 7, 8) 
Experimental
The experimental materials used in the present work were five high-Mn (0.14C-25Mn; all concentrations are in wt% hereafter) steels with different Al contents from 0 to 8%. Here the steels are designated by their Mn and Al contents. For comparison, a low-carbon steel (0.09C-0.45Mn), one Nb-microalloyed steel (0.15C-1.4Mn-0.033Nb) and a Type 304 austenitic stainless steel (18.3Cr-8.6Ni) were also included in testing.
The ingots of TWIP steels were homogenized at 1 100-1 200°C to remove the segregation of the alloying elements, especially that of Mn. Subsequently, they were hot rolled to 11 mm thick bands in a laboratory rolling mill. Finally, the bands were heated at 1 100°C for 30 min under a protective argon atmosphere to dissolve any precipitates formed in the course of rolling and quenched into water. Then, cylindrical specimens of 8 mm dia.ϫ10 mm were machined for axisymmetric compression tests performed in a Gleeble 1 500 thermomechanical simulator. In hot compression tests, specimens were reheated at 1 200°C for 2 min and then cooled to the test temperature (between 900 to 1 100°C) at 5°C/s. After 15 s of soaking at the test temperature, the specimens were compressed in a single hit to the true strain of 0.8 at a constant true strain rate that was varied between 0.005 and 5 s
Ϫ1
. The SRX kinetics of the steels was studied by the double-hit compression technique using different temperatures (900-1 100°C), strains (0.11-0.4) and strain rates (0.01-5 s
). The initial grain size of the steels was about 140 mm, as excluding the annealing twin boundaries. The flow stress at 5 % total reloading strain was adopted in computing the recrystallized fraction to exclude the effect of recovery from the softening data, as described elsewhere. 9) Microstructures were examined in an optical microscope (OM) as well as in a scanning electron microscope equipped with an electron back-scattered diffraction device (SEM-EBSD).
Results and Discussion

Flow Stress and Dynamic Recrystallization
As examples of the constitutive behavior of the steels, typical true stress-true strain curves for the high-Mn and reference steels are displayed in Fig. 1 , as compressed at the strain rates of 0.1 s Ϫ1 and 5 s
Ϫ1
. In Fig. 1(a) , it is seen that at 0.1 s
, the 25Mn1Al steel exhibits peak stress behavior, even though the peaks are very broad, particularly at 950°C. The peak strain is rather small, about 0.25, 0.4 and 0.5 at 1 100, 1 000 and 950°C, respectively. 25Mn1Al steel possesses much higher deformation resistance than the low-C steel. Figures 1(b) and 1(c) clearly demonstrate that the flow resistance of high-Mn steels is increased by Mn and Al alloying. The flow stress of 25Mn steel is much higher than those of low-C and Nb-bearing steels, and among the Albearing steels, flow stress increases with Al content up to 3% ( Fig. 1(b) ) or up to 6 % ( Fig. 1(c) ). McQueen et al. 10) found that in austenite at high temperatures Al has high solute strengthening influence (12 % per 0.1 atom%) whereas Mn is a weak strengthener (2.1 % per 0.1 atom%). These strengthening effects can be related to the lattice misfit parameter and a high affinity of Al for C and N in austenite. However, with increasing the Al level from 6 to 8% ( Fig. 1(c) ), the flow stress decreases mainly due to the formation of ferrite among austenite, as reported previously. 4, 5) It is also seen that even the austenitic stainless steel (Type 304) has a lower flow stress than that of 25Mn (Figs. 1(b) and 1(c)).
It has been shown elsewhere that the high-Mn content such as 25 wt%, typical in TWIP steels, retards the onset of DRX considerably compared to that in low carbon steels.
6) This is also evident in Fig. 1(a) . However, the low peak strain is not the most prominent difference but the broad peak of high-Mn steels (Figs. 1(a) and 1(b)), as an indication of slow progress of DRX. DRX behavior was briefly discussed for 25Mn, 25Mn3Al, 25Mn6Al and 30Mn4.5Al4Cr steels earlier 5) and is described in more detail in another paper. 6) Comparison between 25Mn and 25Mn1Al steels indicates that while Al alloying increases the flow stress at small strains, it also accelerates the onset of dynamic softening. In agreement, Poliak and Siciliano 11) reported that Al increases hot deformation resistance and strain hardening rate that accelerate dynamic softening.
Two different grain sizes of 25Mn1Al were processed to investigate the effect of grain size on the hot deformation resistance and DRX kinetics. Coarse-grained structure with 140 mm, Fig. 2(a) , was obtained by reheating the steel to 1 200°C for 2 min on the Gleeble simulator and water quenching to room temperature. The fine-grained steels with the grain size of 35 mm, seen in Fig. 2(b) , was produced by 40 % cold rolling and subsequent heating to 1 000°C for 15 s. A stress-strain curve for the fine-grained 25Mn1Al steel is inserted in Fig. 1(a) revealing that this steel has slightly higher flow stress and smaller peak strain, 0.28 compared to 0.4 for the coarse-grained steel, i.e. the fine grain size enhances the onset of DRX.
The different rates of the progress of DRX can be seen in microstructures after 0.8 strain in Fig. 3 , where they are shown for the coarse and fine-grained steels. In the coarsegrained steel, the fraction of DRX is about 50 %, while in the fine-grained steel DRX is almost completed, showing effectively refined grain structure with the fine grain size of 6 mm. Anyhow, it is clear from these results that completion of DRX requires so high rolling reductions (due to higher deformation rates in plate and sheet rolling; critical, peak and steady state strains are still much higher than observed here at 0.1 s Ϫ1 ) that they are not possible to achieve in hot rolling, at least without significant strain accumulation.
Static Recrystallization Kinetics
Temperature and Alloying
SRX fractional softening curves after the deformation to 0.2 strain (i.e. smaller than the peak strain, see Fig. 1(a) ) at 0.1 s Ϫ1 at five temperatures are plotted in Fig. 4 . As seen, sigmoidal Avrami-type curves can be fitted reasonably with the experimental data. Hence, the time for the 50 % recrystallized fraction t 50 can be described by the following empirical relation where A is a constant, e strain, eЈ strain rate, d grain size, Q app the apparent activation energy of recrystallization, R the universal gas constant and T the absolute temperature. Material dependent constants p, q and s are the strain, strain rate and grain size exponents, respectively. The comparisons published earlier 5, 6) have revealed that the kinetics of SRX in high-Mn steels is markedly slower than in low-C steels, but Al has only a marginal effect, if the structure is austenitic. This can be seen in Fig. 5 , by comparing the steels 25Mn and 25Mn3Al. However, the 25Mn6Al steel softens slightly faster than these steels. Recrystallized structures of three TWIP steels 25Mn3Al, 25Mn6Al and 25Mn8Al are displayed in Fig. 6 , where it is seen that the 25Mn3Al steel is fully austenitic (Fig. 6(a) ), but the 25Mn6Al steel contains some thin ferrite stringers as an indication of the ferrite phase present at high temperatures (Fig. 6(b) ). The double-hit technique could not be used in the case of the 25Mn8Al steel that is mainly ferritic at high temperatures, because of the shape of the flow stress curve, which did not show hardening, as seen in Fig. 1(c) . Therefore, for this steel, microhardness measurement was applied to estimate the recrystallized fraction. It was found that there is no change in the hardness of the ferrite phase after 1, 5 and 10 s soakings at 1 100°C. This hardness (300 HV0.05) is equal to the value before the deformation indicating that even the holding for 1 s resulted in complete softening. Hence, it can be concluded that the SRX rate of 25Mn8Al is much faster than that of 25Mn6Al. The different recrystallization rates between these TWIP steels are also demonstrated in Fig. 6 , where the completely recrystallized structures of 25Mn3Al, 25Mn6Al and 25Mn8Al after holdings of 50, 10 and 1 s, respectively, are seen to be formed after identical deformation conditions (cf. Fig. 5 ). The SRX kinetics of low-C, Nb-microalloyed and austenitic stainless steels have been investigated previously. [13] [14] [15] Some new tests were performed for the low-C and austenitic stainless steels, and these data at 1 050°C are plotted in Fig. 7 for comparison. For the Nb-microalloyed steel, SRX data obtained by the double-hit and stress relaxation methods at 1 050°C/0.1 s Ϫ1 was taken from a paper of Perttula and Karjalainen, 9) suggesting 7 s for the t 50 time. However, the grain size of the tested steel was finer, 60 mm. The grain size difference can be accounted for by using the power of grain size sϭ2.13 · d Ϫ0.105 . 7, 8) The predicted data and the curve are plotted in Fig. 7 . It is seen that the 25Mn1Al steel exhibits the faster SRX kinetics than the austenitic stainless or Nb-bearing steels but slower than that of the low-C steel. The t 50 times are 1, 4, 16 and 15 s for low-C, 25Mn1Al, Nb-microalloyed and Type 304 steels, respectively.
For high Mn-Al steels, the Avrami exponent seems to decrease with decreasing temperature. For the Avrami curves in Fig. 4 , the exponents are 1.2, 1.1, 0.8, 0.7 and 0.7 at 1 100, 1 050, 1 000, 950 and 900°C, respectively. These values are quite low compared with the commonly reported values for C-Mn steels (the exponent between 1-2). 7, 16) It is known that recovery tends to decrease the value. 17) Hence, it can be concluded that there might still be some contribution of recovery, even though the 5 % total strain method was adopted. It was realized that in high-Mn steels, dynamic recovery is very intense; particularly in steels with high Al levels that have higher stacking fault energy. 5) 
Powers of Strain and Strain Rate
The effects of strain and strain rate on t 50 times for the 25Mn1Al steel are shown in Figs. 8 and 9 , respectively. From the slopes of the lines, values of Ϫ2.7 and Ϫ0.3 are obtained for the strain and strain rate exponent, respectively. For C-Mn steels, the strain exponent has been reported to be between Ϫ2.5 to Ϫ4 at the strain range of 0.1-0.2. 7, [17] [18] [19] [20] Values between Ϫ2 and Ϫ3 were measured by the stress relaxation technique for some microalloyed steels. 20) Somani et al. 7, 8) have used values of Ϫ2.8 for C/C-Mn/Nb/Ti/Nb-Ti steels and Ϫ2.5 for Mn-V steels in developing a regression model for predicting the recrystallization kinetics of a large variety of steels. Karjalainen et al. 15) determined values of Ϫ3 and Ϫ1.5 for Type 304 and 12Cr stainless steels, respectively. Barraclough and Sellars 21) found a strain exponent of Ϫ4 at small strains, but the value decreased as the strain approached the critical strain for the onset of DRX. Most of these strain exponent values are of the same order, and therefore, the strain exponent of the order of Ϫ2.7 can be considered reasonable for the 25Mn1Al steel as well as for other TWIP steels, because of the low effect of Al on the SRX characteristics and kinetics.
As compared to strain, the effect of strain rate is relatively small at small strains (see Fig. 9 ), and the computed exponent from the experimental data for 25Mn1Al and some limited data for the 25Mn, 25Mn3Al and 25Mn6Al steels is about Ϫ0.3. In comparison, Karjalainen et al. 15) obtained the strain rate exponents for Type 304 and 12Cr stainless steels as Ϫ0.30 and Ϫ0.33, respectively. Strain rate exponents equal to Ϫ0.38 are commonly reported for Type 304 and Type 316 steels in the literature. [22] [23] [24] All these values are relatively high compared to the values obtained for C and C-Mn steels (Ϫ0.11), medium carbon steels (Ϫ0.13) and also Ti-steels (Ϫ0.12). 8, 25, 26) Between these two values, the strain rate exponents for Nb and Nb-Ti and Mo steels are measured to be of the order of Ϫ0. 23, 8, 16) which value has also been used in the development of the regression models for kinetics and activation energy of SRX. 7, 8) All these values point to the dependence of strain rate effect on the extent and type of alloying. Thus, the exponent of Ϫ0.3 experimentally measured for the 25Mn1Al steel, can be considered reasonable generally for TWIP steels, being nearly equal to that of Type 304 stainless steel, as mentioned earlier. 15) 
Activation Energy of SRX
From the data (t 50 ) of 25Mn1Al vs the inverse absolute temperature, plotted in Fig. 10 , Q app of SRX (excluding the data above 1 075°C) seems to be 257 kJ/mol, which is a lower value than for Type 304 (285 kJ/mol) and close to that of the 12Cr stainless steel (265 kJ/mol). 15) The activation energies of hot deformation Q def for the 25Mn and 25Mn3Al steels have earlier been determined to be 380-405 kJ/mol, [4] [5] [6] so that Q def of 385 kJ/mol can be assumed for 25Mn1Al. Then, Q rex for this steel can be computed to be about 373 kJ/mol. In comparison, Karjalainen et al. 15) reported the equal Q rex of 400 kJ/mol for both Type 304 as well as 12Cr stainless steels. ). Anyhow, all these values are of the same order, so that Q rex of 373 kJ/mol computed for the 25Mn1Al steel can be considered to be reasonable for the other TWIP steels, too, even though a small effect of Al on Q def cannot be ignored. This level of Q rex is comparable to those obtained for Nb-steels (345-400 kJ/mol), but is substantially higher than the ordinary C/C-Mn and medium C steels (200-240 kJ/mol) and Ti-steels (255-275 kJ/mol). 7, 8) With the powers of strain (Ϫ2.7) and strain rate (Ϫ0.3) and the apparent activation energy of SRX (257 kJ/mol), experimentally determined here, the following equation for SRX can be given: 
MDRX Behavior
It can be concluded from the flow stress curve of the 25Mn1Al steel in Fig. 1 that the peak strain e p at 1 000°C/0.1 s Ϫ1 is about 0.4. Hence, the onset of DRX can take place at about 0.32 strain, for the critical strain is about 0.8e p in compression testing. 19) It was confirmed metallographically that the completion of DRX did not occur within the 0.8 strain for the coarse-grained steel (see Fig.  3(a) ). For the fine-grained material, DRX was almost completed even though few larger grains were still visible among very significantly refined grains (Fig. 3(b) ). From Fig. 8 it is seen that t 50 time does not decrease with the strain beyond 0.25, which is an indication of the occurrence of MDRX. It has been shown that MDRX behaviour is reached at a strain equal to a peak strain, 16, 30) or slightly smaller.
25) It can be noticed from Fig. 10 that at 1 100°C, t 50 is about 3 s, i.e. in the same regime as observed for C, C-Mn and microalloyed steels. 7) Hence, the chemical composition has only a minor influence on the kinetics of MDRX.
Grain Size Evolution in SRX
The microstructures evolved under SRX were characterized using SEM-EBSD, as shown in Fig. 11 . Based on the SRX kinetics in Fig. 4 , the coarse-grained steel recrystallizes completely at 1 000°C and at 0.2/0.1 s Ϫ1 within 50 s. The recrystallized structure has the grain size of 43 mm, Fig. 11(a) . However, the finer-grained steel (35 mm) resulted in complete recrystallization within 10 s showing the grain size of about 15 mm (Figs. 2(b), 11(b) ). Several equations given in the literature for predicting the statically recrystallized grain size in carbon and austenitic steels were tried to apply for the present TWIP steels. It was found that some common equations developed for C-Mn steels give
